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1.+ BACKGROUND
Quring the several years spent in designing a submarine, a

|

|

;E CRAPTER I - INTROOUCTION
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!
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great deal of effort 1s expended tryinc to img-ove the design so that
the best possible vessel is eventually consitructed. ODuring the de-
s1gn phases the designer wiil frequently examine prublems that were
found in older submarines and try to determine the cause of each

problem so that they can be eliminated in the new design. At several

; stages during the design, computer models are used to assist in such
: things &s structural design, equiliberium calculatiuns, snd {ntermal
arrangement. As the design progresses, physical models of the

proposed vesse! are built and tested ir a towing tank to measure the

nydrodynamic ccefficients. Finally, when it is possible to dea) with |

the vessel as a whole, a dynamic analysis is conducted to gauge how

the submarine will perfora in an underwater eavironment when all six

degrees of freedom are avajlable.
¥hile it 1s possidle ts gather dynamic information, such as the

nydrodynamic coefficients, from physical model tests, the models are

necassarily t3o restriciad in their motion to permit a complete

e s
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anaiysis., It is necessary %0 construct a mathematical mode! of the

submarine to simulate the submarine's motion and thereby obtain

snough data for a complete analysis. The simulation model will use

T W RR NS

the hydrodynamic coefficients obtained from the phydical model as a
basis for the simulation. A properly constructed model will permit

the designer to simulate any conceivable maneuver and jJauge the

sumarine’s response. The simylation mode! then becomes a tool to ;
assist in improving the dasign and achieving the best possible

vassel. After the submarine is designed, the model can continue to

be useful by assisting in the evaluation of operating procedures.

The model! can be placed in any maneuvering situation without hazard
to crew or vessel. This {s especially useful in evaluating casualty
situations. The model can also be used to estimate the effact of
proposed design changes to the submarine. For injtance, the model
can show the effect of changing the maximum defiection of a control
su~face ¢r its rate of operation.

’ All of the few six degree of freedom submarine simulation models

in existence are too expensive for daily use in the design office.

! Gunerelly, the models are complicated to use and sometimes difficuit

to obtain. These problems nive created the need for 3 program that

is both inexpensive enough to pemit daily use in the design office
and simple enough so that anyone can use it. 1.:s need has formed

the motivation for this thesis.

[.2 MODEL DEVELOPMENT
A mathematical model must use Newton's Law of Motion and the 1

A A 4 s -




differential equations resulting from a dynamic analysis of the
suomarine. A submarine has movable appendzges, $o these must alsc
be accounted for in the model. Newton's Law of Motion can be

expressed as:

(1) Force = 3% (momentum )
(2) domeny * ;;% (angular momentum)

If a scomarine with a coordinate system such as shown in Figure 1 is
used, then equation (1) can be applied along each of the three axes.
Similarly, equation (2) can be applied around each axis. Tnis gives
a total of six ejuations to represent the six degrees of freedom of
the submarine. These six equations of motion are well-known (1] so
they are not developed in detail nhere. They are, however, included
for reference in Appendix' A,

while the equations of motion for the submarine form the heart
of the model, they are insufficient by themselves. On an actual
submarine, the officer of the deck orders the rudder or dive planes
moved in ordar to maneuver the ship. The routines will normally
sense where the ship currently is and where it is supposed to be and
then move the appendages in the appropriate directicn just as the
deck officer would do. The six equations of motion together with
the apoendage control subroutines constitute the vital components cf
the simulation model. A main program is necessary to coordinate the
input, output, and to control the action of the subroutines.

The comporents cf the model! are discussed in detail in Chapter
[l of this thesis. The model is written as a computer program whose

features are discussad in Chapter [il. The final chapter will
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discuss the model tests and their results.
prograa will be provided in Appendix B.

A listing of the
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CHAPTER Il - THE SIMULATION MODEL

[1.1 GENERAL CAPABILITIES

The simulation model developec in this thesis will provide
trajectory information for routine submarine maneuvers such as
turning or changing depth. The trajectory, which is referenced to
a fixed coordinate system, is computed as a function of time. As
the trajectory of the =mode! !s developed, the velocities and
accelerations are calculated and stored for output to the user.

Both angular and iinear velocities and accelerations are prcvided.
The angle of deflection of each control surface appendage fs computed
for each step of the entire trajectory or maneuver.

The rate of deflection of each control surface and its angle
of saximum defiection are specified by the user. Any of the control
surfaces can be “jasmed® by specifying a particular angle of
deflection. The modal can be initially placed on any course and
depth &nd then ordered to come to any new course and depth. The
user can select the initial speed and the appropriate thrust

coefficients to cause a change in speed.
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11.2 COORDINATE SYSTEMS

Tha coordinate system plan used in the simylation model is
basad on (1]. The model uses two orthogonal coordinate systems; one
remaining fixad at the water surface while the other travels with the
submarine to act as a local reference system. The fixed system,
designated Xgr Yor 3o is related to the moving system, designated
X, ¥, Z, through the angles ¢, 9 , v as {llustrated in Figure 2.
Quantities measured in the moving system can be referenced to the
fixed systam by using the transformation [2) given in Appendix A.

The origin of the moving system is at the center of gravity of
the submarine. This has the advantage that only the principal

[ el 0).

moments of inertia, Ix. I Iz. are non-zero (1.e.: [ xz"

y' xy 'yz
[t has the additional advantage that the equations of motion in [1]
also use this reference point for the x, y, x system. It would have
been possible to use the centerline of the submarine for the origin.
Thits would have the advantage of making better use of the s mmetry
of tha vesse!, howavur it wouid nave the disadvantage of having to
correct both the equations of mction and some of the hydrodynamic
coefficients for the new origin,

Appendage movements are measured with respect to the moving

coordinats system. All velocities and accelerations are measured

along the axes of the movi.g system. This {s also shown in Figure 2.

[1.3 EQUATIONS QF MOTION

The general nature of the six degree of freedom model requires

the use of the six equations in their non-linear form. A large

PO Y P R O
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number of hydrodynamic coefficients are necessary for this model.

[t would be desirable to derive each coefficient from existing hydro-

dynamic thzory. Some coefficients have been obtzined for Lodies of

revoiution or other mathematically amenable shapes; however, when

appendages such as control surfaces, fairwaters, and propellers are

e R —

taken into account, the accuracy of the theoretical values is brought
into question. For this reasor it {s standard practice to obtain the

numerical value of the coefficients by experimental means. This

usually entails the towing and measurement of physical models.

5 Once the hydrodynamic coefficients are known, the equations
can he solved for the accelerations. The six equations of motion
must be written such that the highest order derivatives, namely
;a. ;, ;. ;;. c‘]. r and their coefficients, appear on the left hand

side of the eguation. This gives each equation 3 form like:

ISR TR TS BB SIR TS 2R R U= IR IR 17 S s BT R |

J
i - f‘ (uv Y, W..D. Qo Ty 00 99 W Srn Sb. Sso 10 @, . .+ . )

&
[.
f
|
!

The left hand side is placed in a matrix format. The six equations

are then represented as:

" 9 -
v flj
Y f2 1
[‘1 .J] 1 |5 j
P fa !
9 fs j
r f 3
- o v 6-1 ?
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The method of solution is an iterative technique in which initial

values are used in the right hand side functions and the six acceler-
ations are solved for on the left side. The accelerations are then
used tc update the right side functions. A small time increment is
made and tne accelerations are again solved by using the latast

value for the right side functions.

With each iteration the accelerations are used in a Taylor
‘ series expansion to calculate the velocities. The calculations

have the form:

(trat)e (t) + “(at)

- H v & <« cC
-~ H O £ « cC
g D D K € L

The pitch, roll, and yaw ar-jles are calculated in a similar manner

using the angular velocity and acceleration.

® ® P 1l
I (teat) = 2% (t) » {ab-(at) +Jdq ¢
¥ v r

In order to plot the trajectory of the submarine, a coordinate ;
3 system transformation is performed to obtain the linear velocities

Xor Yor 24 f{n the fixed coordinate system. The velocities are used

in a Taylor series expansion to obtain the position of the center of

gravity of the submarine in the Xgr Yor 2, system.




WA

17
*a ( %o *o
Yo p(t+at) = Jy L (t)+ Jy, " (at)
2o % 2o

shen the position of the submarine is calculated the time is advanced
one increment and another {teration begins.

The iteration iocop will continue to operate until so.e test
criteria are met. For instance, if the model is performing a dive,
then the model tests the value of Z, to see if the model is at the
appropriate depth. A test is also made of the pitch angle to see if
it is within some specified range of zero. Lastly a check is made to

ensure that all of thé dive planes are at zero deflection.

[I.4 CONTROL SURFACES

The motion of the model is controlled by the movement of the

control surfaces. The control surfaces include the rudder, the
starn planes, and the sail planes. For analysis of submarine designs
the movement of the control surfaces can be governed by an automatic
control system. [n the model each control surface is provided with
its own automatic control system. The principle of operation for
all of the automatic contrnl systems is the same. In each case the
deflection of the control surface is made proportional to an error
signal and the rate of change of the ermar. The sail planes, for
instance, control the depth of the model. The calculated deflection

of the planes is proportional *o the depth error and the rate of

change of depth.

bt e o an M.‘....._....._‘_n‘
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3= K (present depth - ordered depth)

* K2 (rate of change of depth)
A large error will initially cause a large deflection, but as the
rate of change increases, the deflection will decredse until some
moderate rate is achieved. Since movement of the sailplanes does
not have any significant effect on any motion other than depth,
its control system uses only the variables associated with depth.

The stern planes control pitch angle as well as depth. The
control systam accounts ‘or this by using the pitch angle, 4, and the
rate of change of 4.

3c - K3 (present depth - ordered depth)
* K, (rate of change of depth)
v K (pitch angle)
K (rate of change of pitch angle)

The K's in the control systems are proportionaiity constants
known as gain. The value of the gain determines the sensitivity and
response of the control system. Since the error signal continually
varies during a maneuver, it is best to keep the gain low. It is
desirable to have just enough gain cn the error signal to get the
control system moving and keep it moving in the right direction.

The gain on tne rate signals should be much stronger to campen out

the oscillations caused oy response to the error signal.

The control surfaces move at a rate specified by the

user. Whenever the calculated deflection differs from the

present deflection, the control surface will move %toward

the calculated value at the specified rate.
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CHAPTER THREE - PROGRAM USER'S GUIDE

II1.1 GENERAL FEATURES

The simulation model consists of a main program and four
subroutines. The four subroutines are named FUNC, RUDDER, DEPTH,
and STERN. The main program reads the input data, changes units,
initializes values, and prints the output. The main program performs
the Taylor series expansions, the coordinate system transforms, and
provides the logical statements for calling the subroutines. On the
first {taretion, when time equals zero, no subroutines are called;
the output from this first {teration is then a statement of the
initial conditions of the problem. Each succeeding iteration will
call subroutine FUNC to calculate the new position of the model.

Calls to the control surface subroutines are made on the basis of

need, with no subroutine being cailed more than once in the iteration.

The decision on whether or not to call RUDDER, UEPTH, or STERN is

contained in a series of logical [F stataments in the main program.

[I1.2 SUBROUTINE FUNC

Subroutine FUNC contains the six equations of motion., The
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input parameters to FUNC consist of the hydrodyriamic coefficients,

the & .del velocities, the orientation n space, all of the ship's
characteristics such as length and moments of inertia, the deflection
of each control surface, and the propulsive cnefficients. The sub-
routine returns the value of the six accelerations: UQT, VOT, WOT,
POT, QOT, RDT. The input and output for FUNC are all contained in
COMMON /FOUR/ and COMMON /FIVE/. The solution to the matrix equation
in subrcutine FUNC is made possible by a call to the librasy function
LEQTIF [3]. LEQTIF performs a Gaussian reduction for the matrix
equation. Any similar Gaussian reduction could be substituted if
LEQTIF is not available. An explanation of thé parameters used in

the call to LEQTIF is found in Appendix B.

+11.3 SUBROUTINE RUDOER

Sweroutine RUDDER control. all norizontsl motion for the
aodel. The input parumeters fuciude: X9, K19, TS, T6, T1V, M2,
T17, T8, TLAGR, RRATE, RUDAMT, COURSE, DELR, OELT, R, PSI. The sub-
mauting returis a new value for JEIL.R, the rudder deflection, based on
a ca:culation using 1ts present and ordered headings. The inputs are
all contained in CUMMON /THREE/ and COM™N /FIVE/. Subroutine RUDDER
is called whenever the model is not on the desired course or when the

rudder is deflectad.

[I1.4 SUBROUTINE DEPTH

Subroutine DEPYH controls the forward set of dive planes. It

can control either bpox planes or sail planes depending on what the

A et
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submarine is fitted with, This subroutine 15 sensitive to the depth

error and the rate of change of depth. Subroutine DEPTH will move
the forward planes in the direction necessary to bring the depth
error to zero. As input parameters, the submutine'uses: Kl, KR
n, 12, N3, N4, N5, 76, TLAGB, DELT, DIFF, ADIFF, 2DT, ATHCTA,
MAZANG, DCRiIT. The subroutine returns a new value for DELB, the
bow plane deflection, after each call.

If MAXANG, the maximum live/ascent angle, has been exceeded,
then DEPTH will return a diagnostic write statement. The user may
specity MAXANG, the maximum pitch angle for the maodel. Whenever
MAXANG {s exceeded the diving planes are moved to reduce the pitch
angle and a diagnostic signal is qgenerxted from within subroutine
OEPTH. The diagnostic will say “"Maximum dive/ascent angle exceeded
at time . Standard fixup taken.® Since the dive planes only
begin to react wnen MAXANG is exceeded, the submarire will oversnoot
the angle defore a reduction in the angle actually occurs. The
diving planes will continue to operate until the pitch angle is
less than MAXANG.

OEPTH makes only a minimal attempt to control the pitch angle
of the model; i1t only warns the user when the angle is exczeded, and
then moves the bow planes so that the pitch angle dees not grow
larger. The principal purpose of CEPTH is to provide depth control;

it does this in conjunction with subroutine STERN.

[11.5 SUBROUTINE STERN

Subroutine STEAN controis the movement of tne sterm plane:s %o
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achieve the rgsired depth and pitch angle. The movement of the

planes is sensitive to the depth error, the rate of change of depth,

the pitch angle, and the rate of change of pitch. The stermn planes

will move to bring the Jepth error to zero and the pitch angle to
zero. As input parameters the sudroutine uses: K5, X6, K7, K8, T3, i
T7, T8, T10, TLAGS, STERAT, STtRMX, THETA, Q, DELS, OIFF, ADIFF, ]

IDT, ATHETA, MAXANG, NOPICH, OCRIT. The subroutine returns a new
value for the sterm plane deflection, DELS. The input and output
parametars are all contained in COMMON /ONE/, COMMON /FIVE/, and
COMMON /SIX/. STERN is called to achieve a depth change or to correct

ﬁ the pitch angle.

II1.6 RANGE VAR.ABLES

Since it is not usually possible to bring a computer simulation
model to a precise depth or angle, it is necessary to define ranges
around the desired deptn or angle which will be acceptable to the :

user, For example, 1f the submarine were to make a depth change of

F 500 feet, the dive may be considered complete if the model settled
within ten feet of the desired depth. The range is sperified by the

user %0 enadle him to achieve whatever precision is desired. Within
this range the main program will not make a call to the control suyr-

face subroutine; since no call is made, the control surfaces cannot

be moved. [n the program, the variable name for the depth range is

NODIFF; it is usually set at + 5 or + 10 feet. Sudbroutine DEPTH will
be called whenever the model is off of {ts ordered depth by more than

NODIFF. The range adbout zero pitch angle is given the name NOPICH; ]
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it is usually set at + 1 degree. STERN {s called if the pitch angle

is greater than NOPICH. The variable name for achieving tne proper
course is ONCRS; 1t is usually sel a4t + 1 degree. RUDUER will be

called whenever the model is off course by more than ONCRS.

An additional range variable is used during diving or surfacing.

When the model moves within some critical range of the desired depth,
it is time to begin moving the dive pianes to zero angle and let the
vesse]l glide into the desired depth. This maneyver prevents
oscillation of the dive planes as the error signal and the rate
signal both become small. This also ensures that the planes are at
or near ero angle Dy the time the desired depth is reached. The
name of tnis varia.ble fs OCRIT; 1t 1is usually set at 50, 75 or 100
feet depending on the speed of the submarine. STERN will be called
whenever the model is off its ordered depth by more than OCRIT.

[11.7 PROGRAM PARAMETERS

The iterative nature of tne program relies on a time increment

being made after each step. The size of the time increment is

optionai; the smaller the increment the more accurate the calculations.

In selecting the size of tha time increment, one must bear ‘n mind

the length of time required to complete the maneuver and the storage
capacity of the program. Jue to the quantity of information that is
calculated by the program, it is practical to print oniy nalf of the

data at one time. The other half of the data is stored in the

array STOM. This data is then printed wnen the maneuver is complete.

STOW nas the capacity to hold the data resulting from 600 {terations.
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A time check is incorporated in the main program to enable the

user to limit the number of iterations. Achieving a number of
iterations equal to the variable [CNT will cause the prciram to stop
the present maneuver, print out all data, and see if another maneuver
is desired, [ICNT should not be made larger than 600 so that the
avatlable storage space is not exceeded.

tach control surface subroutine has a time lag scheme which

r senses the initial command to the control surface and prevents
immediate action. A time lag occurs each time the direction of
, movemient is changed. A different time lag may be specified for
each control surface.

The variable INDEX is used to allow the user to perform more
than one maneuver with a given submarine and then shift submarines

% ' to perform more maneuvers. [f INDEX is less than or equal to zero

*

hen the tame cubmarine coefficients will be used for each set of

iritial conditions. [f INDRX 15 greater than zero the program will

reau new co.fficients as well as a new set of initial conditions.

TR Ty - T
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CHAPTER FOUR - TEST RESULTS AND CONCLUSIOHS

[V.1 FUNDAMENTAL MCTION TEST

The validation of the simulation model is a matter of impor-

tance. The method used was an independent test of each component of
the model, and then a series of tests wi‘n the components of the
mode! working together. The test maneuvers were selected efther
because the correct dynamic response was known or because the maneuver
was simple enough so that the general nature of the respcnse could
be predicted,

The first portion of the model to De tested was the subroutine
FUNC. FUNC obtains the solution to the six equations of motion. It
was important to establish that these equations were properly
installed in the program. A test of subroutine FUNC necessitated a
simul taneous test of the MAIN program to read in the hydrodynamic¢
coefficients, sct up the "A” matrix for FUNC, perform the Taylor
series expansions, and write out the results. The test for FUNC
was to reduce the GM of the vessel to zero and then to assume a
constant angle on the dive planes. [f the model was working cor-

rectly it should traverse a perfect circle in tne vertical plane.

o eyl o e
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[t was known that the rudder should not move and the model should

not roll or yaw. The model should assume a circular trajectory with
a constant angular velocity and a constant vertical component of
velocity, w. Figure 3 shows the results of the uniuver. A circular
trajectory was quickly achieved. The angular velocity was constant,
w was constant, and the position of the model in the fixed ccordinate
system confirmed the circular path. The modei did not roll or yaw

and the rudder did not move.

Iv.2 HORIZONTAL MOTIUN TEST
With the knowledge that the equations of motion, the Taylor

series expansions, and the coordinate system transforms are operiting
properly, the subroutine RUDDER was tne next component to test. [t
vas decided that a simple left turm of 40 degrees would be an
appropriate test. A left turn was chosen because that presents the
greatest opportunity for error. The original course would be 000
degress true and the new course would be 320 degrees true. Since the
yaw angle is positive when turning rignt, the mode: aust cope with a
negative yaw angle as well s a proper method for dealing with course
neadings given in true bearing. The subroutines DEPTH ana STERN were
rendered inoperative to give the opportunity of seeing RUDDER operate
without interference. The model would be checked to ensure that the
proper rudder rate was used and that the rudder angle did not exceed
the maximum angle ordered. The mode! would be expected to roll and
squat in the tum. A change in depth was expected since the dive

planes could not act. As the model approached the new heading the

e S e e - e
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rudder should be put amidships and the vessel should steady out.

In Figure 4 the ~elationship between the rudder and the heading
is shown as 2 function of time. The model reacted as predicted
exc: -t possibly at the end of the turn. The rudder was amidships and
the new heading «as achieved but the program did not run long enough
to ensure that the model was steady on the course. The model did roll,
sguat, and change depth as predicted. The test for RUDDER was

considered to be accurate and sufficiently complets to warrant moving

to the next test.

Iv.3 VERTICAL MOTIGN TEST
Since DEPTH and STERN operate together to regulate the depth

and pitch of the model, they were tested together. The tast consisted
of a simple dive with a depth change of 700 feet. The course was not
changed so the rudder should not mve. The model should not roll or
yaw. The dive planes should move in the proper direction and at the
ordered rate. They should not deflect more than the ordered angle.
The aodel should pitch downward and if the maximum ordered pitch
angle is exceeded then the dive planes should move to reduca the
pitch angle. As {t approaches the desired depth, the model should
slow its rate of descent and settle within ten feet of the depth,
with 0 I1 degree of pitcn angle.

The trajectory for this test is shown in Figure 5. The mode!
achieved steady state only six feat Deyond the desired depth; the
pitch angle was -.03 degrees. The dive planes were all at zero

deflection. The model stayed within ten feet of the ordered depth

e rom 1 o e
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and within one degree of zero pitch angle for twenty seconds. This

was done to ensure that a steady state hacd been achieved.

Iv.4 COMPLETE MODEL TEST

As a final test the entire simulation mode! must work together.

This test repeated the forty degree left hand turn but this time the
dive planes were allowed to react to try to maintain the depth. The
program was kept running until th2 pitch angle was within one degree
of being zero, the model was within one degree of the prcper course
and the depth was within ten fee: of the ordered depth. The model
was initialized on course 000 degrees true at an initial speed of
twenty knots.

The maneuver was successfully completed. The 'model remained
steady at 320 4 degrees true and the final depth was within one
foot of the ordered depth. Both the pitch and roil angies were near
one degree and were decreasing in magnitude. All of the control
surfaces were at zero angle of deflection. I¢ should be noted that
the new course had been achieved during the first sixty seconds and
that the course was maintained by the mode! while the proper depth

and attitude were being obtained.

Iv.” USE AS A DESIGN TOOL

There are numerous design tasks that could be used to demonstrate

the simuylation model; a simple example is sufficient for this demon-
stration. Suppose a designer wanted to know the dynamic effects of

increasing the rudder rate in a turn. The designer would elect to
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yse a simulation model. Since he would not want the dive planes to

interfere with the analysis, he would set NODIFF, OCRIT, and NOPiICH
4~ large values so that the dive planes would not move. Then he
would set RRATE, the rudder rate, at the value he désired to test
| and order the model to come to a new course. For this run, let's

assume that the designer performed the left hand turm from 200

degrees true to 320 degrees true. He used a rudder rate of two
degrees/second. He then caused the model to perform the same
; manuever again with a new rudder rate of four degrees/second. With
the outpul from these two maneuvers he could easily find the time
required for the turn, the advance and transfer of the submarine,
and the ™11 and pitch angles as a function of time. The designer
could use the information for whatever analysis he had in mind. The
model could be run again at new rudder rates or the dive planes could
be brought {ntc play or virtually any other maneuver could be
simulated. This model can also do snap roll analysis [4].
The cost of running the simulation model is so low that it can
be usad on a <aily basis if desired. For the test turns mentioned
above, the cost was less than five dollars, which included reading
the cards, compilation, execution, and 300 lines of output. A
designer who used the model regularly could have the model as an on
line dataset which would greatly reduce the cost of using the model.

[V.6 CONCLUSIONS AND RECOMMENDATIONS

This simulation model does accurately simulate the six degree

of freedom motion of a submarine for moderate maneyvers. The cost of

¢ i el st
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cperating the model is very low, which will allow frequent usage.

The model is <asignad to permit a great deal of flexibility in the
application of the model. For those designers who use the simulation
wodel, it should be a useful design tool.

[f work were continued on this simulation model, it {s recom-
oended that some time be spent in {mproving the appendage control
subroutines. Further application of control theory wouid be helpful
with the appendage subroutines. The data input could be organized
more efficiently to remove some 0f the opportunity for error. It

could be very useful to have a plotting routine in the model to

visually display the information.
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APPENDIX A
; A.1 NOTATION '
sy inbol Dimensionless Form Defimtion
3
B B8 a ,'?‘%G.‘ Buoyancy [orce, posilive upward
E ch Centar of dDuoyancy of submacine
cG Center of mass of submarine
1 .
¢ 1 'e ——'—; Momeant of inertia of submarine about x axis
x n '9‘
t
t [ '» 1—!-‘- Moment of 1nertia of submarine about y axis
v AR T
; t 1 e 18 M ( t1a of submarine about & axi
'. s . a T’—‘r oment of inertia of submarine z axis
t i rl-nr Prod b xd
‘e
: xy xy Fyny roduct of \nertia 3 ‘T‘“ xy axis
t | S -il"— Product of inertia "bm“ yt axes
ye T i x
. ‘X
l.‘ l.‘ . 1'-;—“- Product of tnertia about zx axes
| 4 K'e» X Hydrodynamic mainent component about x
i ;“ v ams (rolling moment)
| K,
! X, K, » I Rolling moment whu+ Yodv angle (s, §) and
i fb‘ u control surface an;les ase tero
E —33
b X K, '9- - Caef{licient used :n representing Kq as &
! - i IR YYERT function of (n-1)
b X K ' -5— First order coei{iciant used 1n reprcsenting i
g 4 a3k K as a function of p i
: Kb Kﬁ. . -j?— Coefficient used 1n represeating K as a {function
P a8 o p
E X X :i‘;'-ﬂ
‘. Secomi ordur (oeiflicient usad in representing
X plpi pipl 1" K a8 a tunction of p
1
4 {
14 K ‘o .,.5? Coefficicnt uvod 1 representing K as 2 {uncuon
P P get of the product pq ]
4
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K, 'e

3
e

Coelficiant used 1n reprosenting K as a
function of the pioduct qr

First ordor co={ficient used in representing
K as a {unction of ¢

Coefficient used in represoenting K as a
(unction of ¢

Firet arder coefficiant used \A rspresenting
K as a function of v

Coetlficient used in representing X as a
{unction of ¥

Second arder coeff{icient used 1n representing
K as a funcroa ol v

Coelficient used :n representing K a8 a furction
of the product vq

Coef{ficient used in representing K as a (unction
ol the product vw

Coelliciant used tn reprosenting X as a function
of the product wp )

Costficient used in representing X as & functioa
of the product wr

First arder coe(fic:eat used in represenning
K ae a lunction ol 3, .

Overall length of submarine

Mass of submarine, including water n (ree-
{looding spaces

Kydrodvnamic moment :omponent about y ams
(pitehing moment)

Pitehing moment «hen Hody angles (3, ) and
comtrol suriace angles are zero

Second order couificient iaed .n representing
M as a [unction of p. Fi.rst oraer coetficient i»
sere.

First order coe{ficient uscd \n representing
M as 2 iunction of q

First arder zoeificient used \n representing

.\l‘ L8 a {fumction ot "-1)

Coetficient yeed m repr-senting M an a
fuaction of §
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M,
M Il M i " . ——t?-—'u- Sucond order caelficient used \n rrprescating
ate al9 P M as a tunction of 4 .
! N My {8 - .
i M M . A--.S-—- Coellicient used \n repreventing Ms as a
{alde laids “goety tunction q ¢
M M Me Cowlt d M
‘e Cowlicre~t uscd 1. reprcsenting M Ag &
i ? o ogelt function of the product rp
Myy
M . M T~ Secand Arder coclficient used 1n reprecenting
r Masatunctionof ¢ First order covtlicivat
M, \e tere
! M ' e P Coaeificient used in redrcaenting M as a
i M P jot function oi the product vp
M" M e -—“—'!— Coefficient usud 11 representing M ae &
. M {5 (unction of he product vr
13
% ™M M M. Secand ord (t
b L) rTYa econd order coellicient used 1n represtnting
: hid b w M &8 3 tunction of v
M' M*' . 1—?— First order cccificient ysed in representing
0wy M as a funcuion of w
i
: M ™ “}3- F d 1 4 4
' 'R irst order coeflicicnt used in representing
. -n ALY T Y AR Y M 802 lunction of (7-1) . :
‘r M M.'» M Coafliciant uaed in representing M as 2 {unction
’ ot (2 ol
Mo .
'\‘"I M "" - - First arder coe!/icie~: used in teprescntiny M
' ' Lo as 4 {unction of w, ¢jual to tero (or symmaetrical
i fumction
' M M * M"" C M, a9 a {unction
H h A - 1 At ’ A "
? |wiq ‘wlq W a::!\cun ised 1n representing Mq
.\(.'-' v . M, ' Second arder .defficient ysed .n representing
H - - 0¢ M ag 2 turction of w
M M v M Flret order coefficien: used in representing
E wlwln w |- ".'_S_J”l. M"'la-alun(!\onox in-i)
: ™
E M. Mo, w—‘;—' Secomnd orter ccofliciont used 1n representing
i M as 2 {unctian of w, egual 10 tero for sym-
3 metrical (unction
' " My r . d
L] - . [ . N
—— itet order Coulliciar: 1sed in represanting
» AL TY T M as a tunctioa of 8,
d M
- M“ ‘.' . 'ﬂ'L.T First order coeffivient 4sed 1n reprasenting
3 L] M as a function of 3,
M M ) -—“—5-"-!. First order 2rcfficient 1aed 1n representing
Son Sen t ELNY Mgg e 4 IuNCTION 01 (Y- L)

.
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tH{ydrodvaamic mamunt comnonent about &
ams (yawing moment)

Yawiag moment »wen Yody \ngles 'y, 3) and
erntrol surface wayles arc taro

Firat ovder couliiciant uscd in representing N
as a fuaction of p

Coefficient used \n represanting N as a function
of p

Coeflicrent used 11 repredenting N a8 a {unction
af the product pq

Coefficicnt uacd 1n represenuing N as a {unciion
of the product qr

First order .owvfficient ueed in representing N
as a funcuion of ¢

Firet ordur . vefficreat used 1n representing
Ny as 3 funciion ol (9-1}

Coefficicat uned i1 represcating N as a {unctica

-

cand ~-40r Cocificient ssed 1n reprasonting
as a furncuion 3 ¢

Coefficient .sed ... represcaning Nbr ac a
function of r

First arder ccefficiart used \n repraeasenting N
as & function of v

First arder cocfficient used 1n rearesenting N
as & [unctivn of \9-1})

Coefflicient 1icd .n representing N as a
tunction of v

Coefficient used .1 reaprescenuing N as a Juaction
of the product vq

Coefficiunt uscd in representing Ny as 2
lunctios of v

Sucond order cacificient used \n representing
N as a {unction of v

First order (oct{.icient used 1n representing
N, vl *% a3 muncuon of q-1)

P e s eois, g

i e L



e

B

N
N N ‘e -——5-"
vw vw ',D‘
N '@ Ne
-p wp ol
vy Ner
N‘f N" * ;“l
N N ‘e ‘1&%
Tor LTS TYAIT
N o Moo
Torn L0 B PRI
» re g
. e
$ » 7
. &t
q L W u
. 3!
4 b
4 r -.!U".
cg et
’ ’ .-L'T’
J U’ e L
u
') a'e %
‘ o o3¢
vt
<€
Hc ‘C .'“—.
. A 4
- L M
u

¥

Coellicient uned 1n reprusentang N as & function
of the proguct vw '

Coefficient used 1n represcenting N as & {unction
of the product wp

Coeflicten: used 1n representing N as a function
of the product wr

First order cucfficient used {n reprasenttng N
a0 3 function of 3¢

First order z>c'/,cient used \n representing
N" as & [unchion of (n-1)

Angular velocity component about x 16
relative to lu 4 (zoll)

Aagular acce ration componant about x exie
relative to {luid

Angular velocity componert about y axie ralative
to {lurd (prtchi

Angular accrivraticn Jcmponent about vy axas
refative to (luig

Angular ve,>c.iv Zompanent about & 2xis
relative to {luid [yaw)

Angular acceluratinn camnponent about & axia
relative to {luid

Linaar veiocity 3 crigin of body axes relative
to {lutd

Camponent of U in 4irection 5( the x axise

Time rate of changi of u in direction of the
x axis

Command 1pe d: stea e value of 2.10ad spead
component u [_r 3 nca At eller *2m Jhen
body angies ‘a, 1Y ane _antro. suriace anglas
8Fw <0F9. S.gn changus «ith propeilar reversal

Componant of _ in Airection of tha y axis

Time rate of change of v 1n Airectian of the
Yy ax:e
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- w'e —!G- Component of U \n direction of the < axts
i
- w's ‘.‘.5". Time rato of change of w 1n directioa of the !
u 3 axte :
w ' w 1
W'e W Weight, including water \n {rce {looding spacas !
N . i
. xS Longiturlinal body axas; also the coordinate cf a :
{ ¢t point rclative 0 the origin of body axas ;
x ‘s h The x coordinate ol CB |
] "7 |
' ]
‘. :i The x coordiaate of CC |
o o] xc 'y ;
%o |
} z, Rg' ® ~—— A coordinate of the dispiacement of CC relative :
3 ¢ to the ori3\n ol & set of {ixed axes ;
i X X' & ey Hydrodynamic force component along x axis ;
: LU (longitudinal, or smal. orce) :
E a
:: b 4 X ‘= S Second ordar coefficiant used 1n representing :
' " " LA X as a (unction of q. First order coellicient ]
ip zeT - 1
Do X |
X X . . Coafricicn: used 1n reprevanting X as a {unction !
bt 4 M4 ot ol the product rp |
x x Xrr Sec ordar cocf{icient ised in representin i
" rr L] .’T‘- w « < - ] P [ 4 i
i X as a funcion u{ r. First order coelficrent 18 1
sero ;
: x. X.'» X4 Coefficient used in representing X a8 & funcion !
: . LI 1 of & ;
: |
f |
i X_‘ qu' . Lﬁl} Second ovrer cosilicient ysed in repregenting i
ol X as & function of u 1n the "on-propelled case. i
First order coofficient 13 zerc i
] i
4 X X ey T X t {
vr . * ;—-—, Coefficrient used in rey -esenting X as a funciion :
o ol the product vr i
X, X, " ;x%- Second ordur coellient used io representing X i
ol as & funciion o( v. First order coctiicieit is zaro
X b S rsz Fi 4 0 d X
4 rst ard=~r cooflicient used 1n representing X,
' st as & {unction of (f-1) v
| ' X
- X » v-—P- Coafficicnt ysed in reprasenting X as a lurction
q w4 got of the preduct wq
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Second order coefficient used i1n represcating
X as afunctionofl w. “First ovder cocflicient 1»
zero

First order coefliciont uscd :n representing X,
as a functiun et (N-1)

Second ord-- coefficient userd 1n represcnting X
as a fyunction of &,. First order coefficient
is zero

Socond order coefliicient usea in represcnting
3(.:; afuacnion of 8, First order coeifician: 1
]

Firwt order -oalficient used in representing

x&t&r 48 3 ..ncuon of (n-1)

Second orde: :oellicient used in represanting X
48 & functizn o 4. First order coefficient 1s
1ero

First order c2effiii1ent used .n representing
X as a tunctian A (-1
dsls n-h

Lateral hodv axis; alto the coordinate of &
point reiaii s 10 the urigin of udy sxes

The y coora:zate ~{ CD

The vy cocrdineta of CG

A coordinate of thr dispiacement 5! CC relative
to the or:2:n of a set ot [ixed axes

Hydrodynarmic {or:e component along y axis
(Lateral force)

Lateral {otce when body angies (g, 3) and control
surface angles 3r¢ zero

First ardor coefficiont 132d :n representing
Y ss a {function ol p

Coeflicrent uscd in representing Y as & funclien
of p

Second criur cocificicnt used 1n repregsentin gy
Y as a function of p
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Couificient used 1n representing Y s 2 function
ol the product pq

Cuclficient used 1n reprcsenting Y as 3 function
ol thhe product qr

First ordor coelficient 4304 \n represconting ¥ .
as & functionof r

iret order coelficient ysed in represcnting
\" as & {uaction of {n-1)

Coealficiant used \n representing Y 28 & function
of #

Coefficient used \n reprosenting YS: as a
{function of r

Fizet order coelficient used in representing
Y as a {unction vi v

Firet order coef{ficiant used .~ representing
Y, a0 a tunction of (-1}

Coelficient used in sepresenting Y as a
function of v

Coefficient used 11 representing YT as a furction
of the product vq

Coafficiant used in represanting ., 43 4 funchon
ol r

Second order coelficient used in representing
Y as a {unction of v

First order coeflicient ased in representing
Y, iy &8 & funcusn af ‘9-1)

Coefficiont ueed .0 revresenting Y as a
tunct:on of the product vw

Coalficrent used 1n representing Y ae a
function of the product wp

Taeficiant used \n representing Y as 4
function of the zroduct wr

Tirst orcer coelficient used 1n representing
Y aa 3 {unction of 3r

Firae order coc/icicnt used in representing

Y" as a {uncuion of {N-1)
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Norrmal dody axin; 1150 the :nardinate of a
polat Telative to the origia of Lody axas

The s coordinate of CB

The & coordinate of CG

A coordinate of ‘he displacement of CC
relative (0 the crijin of & sct of {ixad axas

Hydroa ..amic (3rca component along &
ams {ro-mal (orce)

Normal {arce when body angles (a, 3) and
coatrol surfacs angles are toro

Second rder cceilicient uied \n reprosenting
Z a8 & .uaction u( p. F.rst arder coelficient
\s ser0

Firet orler coelficient used n represanting
Z as atuncticn ol q

Filret order coefficient used :a representing
Z‘ as a funct.on of (n-1)
Cosilicicnt wied .n represanting 2 asa
function of g

Coaffictent aved in repraseniing .’.“ 18 a
{uacnon ol q

Coelficient used :n representing Z st a
function ol the product rp

Secone order cuaet{icient used 1n represenung
Z a0 a lunctioncf r. Flret order coelficient
ie searo

.
First ord:r ccefficicnt used 1n crepresenning

2 a0 a (unction of =

Flist ardrr cosifizicnt used 1n representng
Z_ 3¢ & function o: {n-])

Coefficrient :ted 1n representing 2 as a
{unction of w

First order coeflicient used .n reprosenting
Z as a function of v: :qual :0 12ro lor sym-
metrical (unction

Coctficisnt uted 1n repreaenting 7. 33 2
function of q -

et av—'—]
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z 4 ‘e -—T,—-z"'l Second order cocfficient used in representing
wlwl wiw| e Z as a function of w
b 4
l"'ln l','l"' ) --r!l;—'-l First order coefficiont used i1n reprasentng
L Z_l'! as & function of (n-1)
2 z ;—-,-z"" Se 4 (i
: ‘w cond order coefficient us:d 1n represanting -
i bt e 0ot Z ae a function of w; equal to ztero for sym-
; metrical function
‘E z ) Zen First ord {{ t d t 4
® o rot order coafficient inad 0 representing
E s 8 - jotlu as a function of 8y,
; z,. 3
: 2“ be ° Filrat order coe(fizient used in representing ]
 Taath Z aas a function of 8, .
s» 2,
I r4 Z, ‘e "_'f”ﬁ Flrat ovrder coefficient used in representing
" den on tet’y Z.. ae A function of (n-1)
: e Angle of attack
[} Aagle of dnft
l‘ Deflectioa of bowplane or sailplane
i' Deflection of rudder
L Deflaction of sternplane
3 " The ratio =~ ‘
8 v !
i ¢ Angle of pitch i
r ﬂ
: 1
! . Aagle of yaw {
] Angle of roll
e bl. < Sets of constants used in 'he representation of

propeller thrust in fie axial equation
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A.2 EQUATIONS CF MOTION
AXIAL FORCE i

m[\'; -vr+wq-xG(q‘+r’)+YG(Pq"!‘)*zG(PY *'Q)]‘

4 ] 3 1 3 ]
] [qu Q" + X, 'r +er rp]

+
Nlo

T e

2 [X‘-" u o+ er' vr * qu. va ]

+
N"'

i’[x 0“3+x |.v3+x owz]
uu vy ww

+
N!v

_'_ 2.2 . ' 3 ' ] ‘ a]
+z t*u [XM_ sr 8r° + xh s 589 + xbb b §b
2 2 . a
+1 0t [axu +b uu ¥ ou 1
- (W - B) sin 8

! o 42 v L3 , 3 . 2 3
+1 ¢ [xvvﬂ M +xwwn bt *xér.‘)rn el' .

F Y
+xbsésn b, u "(77-\)

T mm s s s s L i o i bt e E o
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LATERAL FCRCE

-
~. P 2 - N . + X ( +r) H—-—
mi v - Wp + ur - VG\X’ + P ) *-G (qr P) G qp J
L
!
LY : 'pa Y . 'ar |
© 44 v + Y, + Y "pipl Y pa - r :] i
—_ r . |
? = b LY p P77 pip Pq qr |
i - 1
l .
i -—
E . . I
3 ' v tyvq <+ Y ! + Y wr
" poa v q wr J
: 92 L LYV vq wp wp
) i
v 3 242 ,
i - valrlse e Y P v e w ) e
E o2 ¥ tar e ¥ tap oY e air| Vit vy J
i 2 « T P \
- 1,2 zk'
! o 3 v 3 ‘u\"Y oyt ‘(V - W |
= 1 Lte “ .Yv viv] 4 |
‘ a ' r 1 ‘
*—i— L Y .. vw*‘xS Qs 61‘4 |
' [ v
« (W - B) cos 8sin?
A
* 5 -'«’.‘.'_,,‘u:‘('o-l) |
E i . .- :
T v qy e ¥ C oy (\/'20'1/:\7’:,0':" n £ g (77-1)
LT v vi7 °r r -




NORMAL FORCE

.0
m[iw-uq*W*f-G(Pa*qa)*xG (rP'ﬁ)*YG("I*P)J =

-] 4 . 2 1 L3 ' ]
4-__z L [zﬁ' q+ zpp' pr+Z 't ¢ zrp rp
P 3 . .
b 1 [zw' w o+ Z"_' vr ¥ va' vp] »

wi

+E" 2 [z;} a? ez ew £ 2, wliv? + w’)tl]

g [zttt e o]

a a T L ]
+-ZE- ¢ [zw'vyzh u? b3 + Zy u’ 8k ]
+ (W - B) cos 8 cos ¢

L e Y aa (e
+5 ¢ zqn uq(n-1)

2
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LA [z.q' g+ Z sy alales + 2, o) r’_!(v’ +W’)&‘ 1l

+2 o2 [Z" ‘aw 4+ Zwlwln' w|(v® + w’)*l + 2.5"" b.uaj(ﬂ-l)
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E
ROLLING MOMENT
L4 : 2 a . i
I‘p+(lz-ly)qr-(rqu)x)“v(r -q )Iyz+(pr-q)l‘y J
1
#mLyG(Q-uq+vp)-zG(\}-wp@ur)]x
+2 LDEK-';:¢K-‘i-+K 'qr + K __'pq + K 'p[p” |
2 P r qr Pa PIPI y
LA ' et . "[
02- L[Kp UPfl\r ur + Kot v
o2 ‘rK ! + K + K 'qul
-{‘ v va WP wr J
a7
+L [K.'“a*K'UV*KlI'Vl(v’*w)l‘ :
z v ) -

-

#(yG w - Yg B) cos 6 cos ¢ - (zGW - zBB) cos 8 sin ¢ 1

2

*2

K, " u? (n-1) |

n




PITCHING MOMENT

. . o a2 B
Iyq+(t,‘ l‘) rp - (p + qr) Ixy+(p r)lzx+(qp r)ly‘

i~ . . b
+mLtG(u-vr+wq)-xG(w-uq+vp)J:

) r
E .n‘ L \ ) ' o3 ) '
| ’iz MM Rt M rp+Mqlq|'q]q|]

' hl

) .
> — N ! ' ] \
3 L LMW w#Mvr vr+Mvp VP |

O ey : : '8
0...2_ “ LMq Lot M\QI\S' u[q“l + .\(xwiq“v’ #wﬂ) ‘q}

0 3Ty ' o?
Mg u" ¢ M uw s M

A*T R le'w[(va «rw’)'il]

- ;
¢—;- £iM, ajwl e M0l (v? +w’)*lJ'

~ -
* 3 3! T v L, 2 | )
*? f 3 LMVV v *Ms. u® & *Mbb a4 bbJ

W . x 5)cochoso-(zGW-zBB)sin9
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YAWING MOMENT

: . . .
l‘r+(1,-l_‘)pq-(q*rp) Iy,*(q - P ny-*(rq-P)lu

r
i

+mLxG(\7-wp*ur)-yG(Q-vr+wq)J,=

o2 l'r\l"i'+‘4-'.-‘4 ' +N __'qr + N 'll.]
e “p P T pq P T Har % Sele] T

[

2 . TN ' ' ' ‘:
+ L LNv v ¢Nwr wr*pr wp#qu vq |
A l"-N 'up + N_'ur +« N, ‘ulrlsr + N C(v? +w‘)*[rj

2 L'p r ir]de ! ‘vlr ¢ J
e LJ:-\I "u? + N 'uv + N v (w3 »w’)iif

T e v vivi J
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*-z-l. LN‘(\V VW*Nbr u Sr‘# . ‘
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AXIS TRAISFORMATIONS [2]

1) A transformation of an axes system takes a quantity descrilcu
in one frame of reference and transforms it into another frame of
reference such that if we measured the same quantity in the second
frame of reference the transformed quantity and the measured quantity
would be identical,
2) Transforms betweer frames are needed in the study of the motions
of ocean venicles because tne equations of motion for such a vehicle
are most easily derived in the inertial frame attached to the earth
(xo S P zo) frame, while the forces acting on the vehicle are most
tasi)y evaluated in the frame attached to the vehicle (x, ¥y, 2).
Hence, we ultimately desire to transform the equations of motion
from the inertial frame into the non-inertial frame fixed in the
venicle.
3) If \70 {s some vector measure In the x .y, .« 2, frame andv
some vector measured in the x, y, 2 frame wnich is only cnanged
in orientation then:

VeT (o, 9.9) \70 where T ( v, ,0) = the transfomm,
Where

"Tﬁse cosv

T (8 9,¢) = .-sinv cose * sine sind cos¢

ine sinw + coss cosv sin9

'
i

Sama—
cosy sine -siny i
coso COse * sino sing sinv sine cosy |

-sind cosv + cos> sind sine COS® COSH |
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4) It Vo and 1 are the same vectors as in (3) above, then:
TR (o, 9,9) v
° » *
3
Where
7! (6, 9,9) =
CCs9 COs¥ -siny cos® + sine sing cosv 1
cose siny cosé cosv *+ sine¢ sind sinv
; -siny sine cosy %
; —
; sino sinv + cose cos* sing ! i
E i !
: -sino cosv + cos> sing siny ! il
E } !
% cosé cosd ';
{
|
!
;
E
3 j
?
b :
¥




B.1 LIST QF VARIABLES

VARIABLE

Al A2

Al,BI,CI

BORATE
BOWMAX
COuURSE

DECRIT

DELT

3 JEL3
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APPENDIX 8

HEANIHG

Six by six matrix containing coefficients
of UOT, VDT, 40T, POT, QOT, ROT.

Stx by six matrix set equal %0 matrix A j
oefore each call to FUNC. The values of
AA are lost in the matrix reduction performad i
by LEQTIF. |

Limits used for selecting the proper
propeller thrust. i

Set of constants epresenting the propelier
thrus?. in tne X-equation. ]

Ship's buoyancy.

Average bowplane rate.

Maximum ordered dowplane deflection.

New course for the snip.

Yalue of depth error when dive planes are
returned to zero deflection.

Calculated seflection of the bowxplane.

Calculated def.2ction of the stern plane.




g — T T e T g T T TRy

OEL4

OELB

OELBO

JELGM

DELR

DELRO

OELS

OELSO

m™m

[CNT

[0

INDEL

i A j—’u—_’

Calculated deflection of the rudder,

Actual bowplane deflection at time ¢,

Actual bowplane deflection (units changed

for output).
Amount the original GM is to be changed.
Actual rudder deflection at time t.

Actual rudder deflecticn (units changed
for output;.

Actual stermn plane deflection at time t.

Actual stem plane deflection (units
changed for output).

Time increment used in {teration.

0i fference Detween present depth and
ordered deoth,

Six by one matrix containing soluytion to
right nand side o equations of motion.

Counter used to count the nusber of
iterations

Forty-charactear alphanumeric hesding.
[f grcater than fero, read new submarine

coefficients. [¥ less than or equal to
zern,. un same Submarine for new inftial
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X, 1v,12,IXY,IxZ,1¥2

KCOEFF

LEQTIF

MAXANG

MCOEFF

NCOEFF

NOOIFF

NOP [CH

JOEP TH

OWCRS

P.Q.R

POT,30T,RDT

POTO,GOTO,ROTY
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conditions.

oments of inertia,

K - equation coefficients:

Ship's overall length.

Matrix reduction subroutine from IMSLIB (3]

Ship's mass.

Maximum ordered dive/ascent angle.

M - equation coefficients.

N - equation coefficients.

Acceptable error range around ordered depth,

Acceptable error range around zero pitch
angle.

Qrdered depth.

Acceptanle error range around ordered
course,

Angular velocity atout the x, y, and 2
axes respectively.

Angular acceleration about ihe x, 7, and 2
axss respectively.

Angular acceleration about tne x, y, and 2

[ T I

Pt s

kbl Beiitis
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PHI

PHIO

P0,Q0,RO

Psl

PSIO

RUDAMT

STERAT

STERMX

STOou

... T8

THETA
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axes, respectively (with units changed for

output).

Angle of roll.

Angle of roll (with units changed for
output).

Angular velocity about the x, y, and 2
axes respectively (with units changed for
output ).

Angle of yaw.

Angle 0 yaw (witn units changed for
output ).

Sea water density.

Average rudder rate.

Maximum ordered rudder deflection.

Average stermn plane rate.

Aaximum ordered sterm ;lane deflection.

Storage array for nalf of output data.

Present time.

Time lag sfgnais.

Angla of aitch.




THETAQ

TLAGS

U.V.H

uoT,voT ,woT

V00, V0,40

wl

X,Y.2

8,Y3,8

ACOEFF

XDT,YUT, 20T

X6,YG,I6

- 3 taodke bt W ks ik A ta Bl

Jownthd-0hl Mhia i W o UL E i ma ek e skl Rk L
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Angle of pitch (with units changed for
output).
Time lag for Dowplane control system.
Time lag for the rudder control system.

Time lag for stern plane control system.

Forward, lateral, and vertical velocities
respecticely.

Forward, lateral, and vertical accelerations

respectively (w«itn units changed for output).

initial forward velacicy.

forsard, lateral, and vertical velocities

respectively {(with units changed far cutput).

Ship's weignht.

Coordiraats lavels of the fixed (xo. Yo
lo) corrdirate system.

he x, y, Z position of the canter of
buOyancy.

X - equation corfficients

Veloctities in the fized coordingte syllewm

along the XKyr Jg0 I, FTes respmctively,

The x, y, 2 position of the center of

)
{
1
!
;
L)
!
)
3
]
i




58
gravity.

YCOEFF Y - equation coefficients

ZCOEFF 7 - equation coefficients :
|
1
|
:
i
E
E
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LEQTYF

A - input matrix of dimension { by N containing the coefficient
matrix of the equation AX = B, '
On output, A is replaced by the LU decomposition of a
rowwise permutation of A.

M - nusber of richt-nand sides. (input)

N - order of A and nuncer of rows in 8. (input)

[A - nunber of rows in the aimension statement for A and B8 in
the calling program. (input)

8 - {nput matrix of dimension N 0y M containing right-nand
sices of tne equation AX = 8,
Jon output, the ' by M solution [ replaces 3.

1267 - input sption,

[f [DGT {s greater than J the elements of A and B are

assumed to be correct to [DGT DJecimal digits and tnhe

routine performs an accuracy test.

1f [OG7 equals ero, the accuracy test is Dypassed.
wKAREA - wOrk area of dimension Jreater than or equal to .
{ER - error parameter

terminal error = 123 + N

N * 1 inaicates thal A i3 &

warning error = 32 ¢ N,

N e 2 {ndicatas that tne accuracy test failed. The

computed solution may d2e in error 5y more than can be

accounted “or oy the uncertainty of tne data.

CALL LEQTIF (A, M, N, [A, B, [CGT, #KAREA, [ER)

A




